Current guidelines for hypercholesterolemia treatment emphasize lifestyle modification and lipid-modifying therapy to reduce the risk for cardiovascular disease. Statins are the primary class of agents used for the treatment of hypercholesterolemia. Although statins are effective for many patients, they fail to achieve optimal reduction in lipids for some patients, including those who have or are at high risk for cardiovascular disease. The PCSK9 gene was identified in the past decade as a potential therapeutic target for the management of patients with hypercholesterolemia. Pharmacologic interventions to decrease PCSK9 levels are in development, with the most promising approach using monoclonal antibodies that bind to PCSK9 in the plasma. Two monoclonal antibodies, alirocumab and evolocumab, have recently been approved for the treatment of hypercholesterolemia, and a third one, bococizumab, is in phase 3 clinical development. All 3 agents achieve significant reductions in levels of low-density lipoprotein cholesterol, as well as reductions in non-high-density lipoprotein cholesterol, apolipoprotein B, and lipoprotein(a). Long-term outcome trials are under way to determine the sustained efficacy, safety, and tolerability of PCSK9 inhibitors and whether this novel class of agents decreases the risk for major cardiovascular events in patients on lipid-modifying therapy. Available data suggest that PCSK9 inhibitors provide a robust reduction in atherogenic cholesterol levels with a good safety profile, especially for patients who fail to obtain an optimal clinical response to statin therapy, those who are statin intolerant or have contraindications to statin therapy, and those with familial hypercholesterolemia.
Elevated low-density lipoprotein (LDL) is well recognized as the root cause of atherosclerosis, 1,2 with recent evidence confirming that non-high-density lipoprotein cholesterol (non-HDL-C), apolipoprotein B (apo B), and lipoprotein(a) [Lp(a)] levels are also significant risk factors for the occurrence of atherosclerotic cardiovascular disease (ASCVD) events. [3] [4] [5] The evidence for a positive relationship between hypercholesterolemia and risk for ASCVD has prompted numerous guidelines and evidence-based recommendations for interventions to reduce lipid levels. These recommendations have evolved over time to emphasize reductions in plasma LDL cholesterol (LDL-C) and non-HDL-C levels. Although statins are the mainstay of treatment to accomplish this goal, many patients still have atherogenic cholesterol levels greater than the recommended values. 6 A variety of factors have been implicated in this treatment gap, including barriers to access to health care, nonadherence to statins and lifestyle regimens, and high rates of discontinuation of statin therapy. 6, 7 Patients who are intolerant to statins, as well as those who fail to adhere to the optimal dose of statins, are at significantly increased risk for ASCVD. 8 Statin-related muscle symptoms affect as many as 5% to 29% of patients in clinical practice 8, 9 and increase the risk for treatment discontinuation or suboptimal adherence to therapy. 6, 10 Additional gaps in care are evident among individuals with familial hypercholesterolemia (FH). It is estimated that approximately half of individuals with FH are not prescribed cholesterol-lowering medications, which places them at a 13-fold increased risk for a CV event. 11 The discovery of proprotein convertase subtilisin/ kexin type 9 (PCSK9) in 2003 has opened the door to potentially address some of the gaps in the treatment of hypercholesterolemia. 12 Gain-of-function (GOF) mutations in the PCSK9 gene decrease the number of LDL receptors (LDL-Rs) at the hepatocyte surface, causing phenotypical FH. 13, 14 In contrast, lossof-function (LOF) mutations in the PCSK9 gene in African Americans were associated with 28% to 40% lower levels of plasma LDL-C 15, 16 and risk for coronary heart disease (CHD) reduced by 88% during a 15-year follow-up interval in the ARIC study. 16 White individuals with an LOF mutation had a 15% lower LDL-C level than unaffected individuals, and this was associated with a 47% reduction in risk for CHD. 16 This review summarizes recommendations for lipid management by the National Lipid Association (NLA) 2, 17 and guidelines issued by the American College of Cardiology (ACC) and the American Heart Association (AHA). 18 The current and emerging evidence regarding the role of PCSK9 inhibition as a novel drug therapy for the management of hypercholesterolemia is discussed in detail, including a review of agents under evaluation in randomized controlled trials (RCTs) and the implications of this new class of medications for the optimal management of hypercholesterolemia, especially for patients at high risk for ASCVD, those with FH, and those who have contraindications to or who cannot tolerate statin therapy.
Recent Lipid-Lowering Guidelines and Role of LDL-C in Lipid Management
Current guidelines regarding the optimal strategies for the management of hypercholesterolemia and the prevention of ASCVD emphasize first-line therapy with statins for specific groups of patients who are likely to receive the greatest clinical benefit from statin therapy for hypercholesterolemia. 2, 18 There is also an emphasis on decreasing the risk for ASCVD rather than on achieving targeted reductions in LDL-C levels. 18 American College of Cardiology/American Heart Association Guidelines The 2013 ACC/AHA guidelines emphasize the importance of heart-healthy lifestyle modifications, simplify medical therapy by recommending moderate-or highintensity statin therapy, and apply pooled-cohort riskassessment equations to determine an individual's risk for ASCVD. 18 Notably, the guidelines abandon the use of LDL-C targets based on evidence, suggesting that such targets may result in undertreatment with evidence-based statin therapy. Lipid measurements are recommended to determine patients' adherence to statins, with LDL-C monitoring as an important component of ensuring an appropriate response to statin therapy.
These guidelines, which are based exclusively on evidence from RCTs, identify 4 patient groups for whom the potential benefit of reduced risk for ASCVD outweighs the potential for adverse effects associated Figure 1 . Statin benefit groups, as defined by the American College of Cardiology and the American Heart Association, for ASCVD risk reduction. ASCVD, atherosclerotic cardiovascular disease; LDL-C, lowdensity lipoprotein cholesterol. 18 with statin therapy (Figure 1) . According to the level of ASCVD risk, moderate-or high-intensity statin therapies are recommended to reduce LDL-C by 30% to 50% or by ࣙ50%, respectively. Moreover, these guidelines recommend that nonstatin lipid-modifying therapy (LMT) may be considered for high-risk patients who do not have the anticipated response to statin therapy, who cannot tolerate the recommended intensity of statin therapy, or who are completely statin intolerant. Recently, an ACC expert consensus document provided guidance for the use of non-statin therapies to lower LDL-C in patients with high-risk of ASCVD as well as defined thresholds LDL-C, in terms of percentage reduction and absolute values. 19 This guidance is more in line with the NLA recommendations.
National Lipid Association Recommendations
The 2014 NLA recommendations reaffirm the importance of cholesterol goals and identify non-HDL-C and LDL-C as coprimary targets for therapeutic interventions to achieve a sustained reduction in risk for ASCVD. 2 The NLA expert panel concurred that statins are the primary pharmacologic agent to reduce the risk for ASCVD. 2 Therapeutic goals are established for non-HDL-C and LDL-C based on an individual's risk for ASCVD. Among individuals considered at low, moderate, or high risk for ASCVD, a treatment goal of <130 mg/dL is recommended for non-HDL-C and <100 mg/dL for LDL-C, and goals for those at very high risk for ASCVD are <100 mg/dL and <70 mg/dL for non-HDL-C and LDL-C, respectively. Alternative nonstatin drugs may be considered for patients who have contraindications or intolerance to statins.
Even though the ACC/AHA guidelines largely abandon the use of strict LDL-C goals and recommend using LDL-C lowering only as a measure of response to statin therapy, the optimal level of LDL-C lowering for ASCVD risk reduction remains an important question. Boekholdt et al showed in a meta-analysis that patients achieving LDL-C <50 mg/dL had a significantly lower risk for major CV events than those who achieved LDL-C between 75 and 100 mg/dL (adjusted hazard ratio, 0.81; 95%CI, 0.70 to 0.95). 20 In a meta-analysis of 27 randomized trials involving more than 174,000 patients comparing more intensive with less intensive statin treatment regimens and statin therapy with controls, the Cholesterol Treatment Trialists' Collaboration demonstrated that a 39 mg/dL reduction in LDL-C level leads to a 21% reduction in major vascular events at 1 year (rate ratio, 0.79; 95%CI, 0.77 to 0.81; P < .0001), with significant reductions in both women and men. 21 Recently published results of IMPROVE-IT (Improved Reduction of Outcomes: Vytorin Efficacy International Trial) also support the "lower-isbetter" cholesterol premise. Adding ezetimibe to statin allowed patients to achieve a least squares mean (LSM) LDL-C level of 55 mg/dL at 1 year (compared with 72 mg/dL for statin-only patients) and was associated with a 6.4% relative risk reduction for major CV events at 7 years. 22 Interestingly, this is the first trial that demonstrates a long-term clinical benefit of adding a nonstatin treatment to statin therapy.
Gaps in the Treatment of Hypercholesterolemia
Although statins continue to be the gold standard of hypercholesterolemia therapy, many patients remain at high risk for CV disease despite treatment. In spite of modern lipid guideline recommendations and clinical trial evidence, statin therapy is often not titrated, with few patients receiving high-intensity statins 23 even after hospitalization for a CHD event. 24 Additionally, according to a recent meta-analysis of 8 randomized, controlled statin trials, more than 40% of patients on high-dose statin therapy did not reach an LDL-C target <70 mg/dL, and there was large interindividual variability in the reductions of LDL-C, non-HDL-C, and apo B achieved with a fixed statin dose. 20 Patients who fail to obtain an optimal clinical response to statin therapy include those with FH or with subtherapeutic response to statin treatment or those who are intolerant to or have contraindications to statin therapy.
Familial Hypercholesterolemia
Familial hypercholesterolemia is an autosomal codominant genetic disorder characterized by raised serum LDL-C levels resulting from defects in hepatic uptake and degradation of LDL by the LDL-R pathway. 25 It is attributed primarily to mutations in the LDL-R (60% to 90%), apo B (2% to 10%), and PCSK9 (˂5%) genes. [25] [26] [27] [28] Individuals with FH are at increased risk for earlyonset CHD attributed to lifelong marked elevation in LDL-C. Adults with heterozygous FH (HeFH) have total cholesterol (TC) levels between 310 and 580 mg/dL (8 to 15 mmol/L), with males likely to develop CHD before age 55 and women before age 60. Homozygous FH (HoFH) is a more severe and much rarer form of FH characterized by TC levels from 460 to 1160 mg/dL (12-30 mmol/L), development of CHD, and aortic or supra-aortic valve stenosis at very young ages, with death before age 20 or 30 if not treated. 25, 29 Limited data are available to date on the prevalence of FH in an unselected sample of the general population; however, evidence suggests that there are 14 to 34 million individuals with FH worldwide. 29 A recent analysis of HoFH, defined at the molecular level as homozygosity or compound heterozygosity for mutations in LDL-R, apo B, or PCSK9 genes, determined the prevalence to be ß1 in 300,000 inhabitants of the Netherlands. 30 Despite the high risk for CHD, individuals with FH are underdiagnosed and undertreated, which can lead to poor outcomes. 29 Notably, in a study of 69,000 Danish adults, the risk for CHD was strikingly high among individuals with definite or probable FH who did not receive medical therapy (adjusted odds ratio [OR], 13.2; 95%CI, 10.0 to 17.4) compared with non-FH patients. 11 The mainstay of treatment for FH has been diet, lifestyle modifications, and statins. 25 Adults with FH should initiate medical therapy on diagnosis to the highest possible statin intensity tolerated. However, many patients with FH require concomitant treatment with nonstatin therapy, including ezetimibe, bile acidbinding resin, LDL apheresis, or one of the new agents (PCSK9 inhibitors, lomitapide, or mipomersen).
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Statin Intolerance and Subtherapeutic Response Although statins are the most frequently prescribed pharmacologic agents for the treatment of hypercholesterolemia, issues relevant to intolerance, subtherapeutic response, and nonadherence are not uncommon barriers to long-term statin therapy.
Statin Intolerance. Statin intolerance is generally defined as the inability to use statins or tolerate a full therapeutic dose because of significant adverse effects. 10, 32, 33 Intolerance is most frequently attributed to myalgia or myopathy that can be associated with statins. 33, 34 Although rates of statin-induced myopathy in clinical trials are typically low (1.5% to 5.0%), 34 they may be underestimated for a number of reasons, including exclusion of patients with a history of statin intolerance. 34 A few large, community-based studies indicate that occurrence of muscle symptoms may be between 10% and 20%. 35 However, several studies have shown that more than half of the patients classified as statin intolerant can be rechallenged with an alternative statin. 8, 36 Subtherapeutic Response to Statins. In terms of percentage LDL-C reductions, interindividual response to statin therapy can vary from 5% to 70%, and many individuals do not meet treatment goals with the maximally tolerated statin intensity. 32 A variety of factors, such as differences in drug absorption, drug transport, intrahepatic drug metabolism, drug metabolism in other organs, and mechanisms for drug excretion, are thought to play a role in subtherapeutic response to statins. Subtherapeutic response can also be due to variations in the level of target pathways that are not related to the pharmacokinetic features of the drug as well as, individual differences in cholesterol biosynthesis and lipoprotein metabolic pathways. Of note, it is assumed that the failure to achieve an optimal response to statin therapy is largely due to nonadherence with the treatment, also known as pseudoresistance.
PCSK9: Basic Physiology and Role as a Potential Therapeutic Target
The identification of the link between autosomal dominant hypercholesterolemia (ADH) and PCSK9 occurred in 2003 as a result of research conducted with 2 French families with TC levels in the 90th percentile 37 and no genetic linkage to the LDL-R or apo B genes. 13, 38 Subsequently, 2 GOF mutations were identified at the PCSK9 locus and were found in 12.5% of the families with ADH. 13 PCSK9 was ultimately found to encode a novel proprotein convertase in the subtilase subfamily that is involved in cholesterol homeostasis. 13 These results established PCSK9 as the third gene associated with ADH in addition to genes encoding LDL-R and apo B. 26, 39 Increased production of PCSK9 is associated with a decrease in LDL-R activity, which results in elevations in LDL-C levels. Reductions in the production of PCSK9 were shown to exert the opposite effects on LDL-R and LDL-C, 38 with LOF mutations associated with reduced LDL-C levels and decreased risk for CHD. 16, 26, 39 Physiological Function and Tissue Expression of PCSK9 The PCSK9 gene is located on chromosome 1p32.3 and is expressed primarily in the liver and small intestine, which play key roles in the synthesis and regulation of cholesterol. 13, 14, 40 PCSK9 is also expressed in the kidney and cerebellum. The sterol-responsive element binding protein 2 (SREBP-2) regulates the transcription of HMG-CoA reductase (the enzyme that statins inhibit) as well as both PCSK9 and LDL-R and, consequently, the number of LDL-R at the cell surface of hepatocytes, as shown in Figure 2 . Synthesized in the endoplasmic reticulum as an ß72-kDa precursor, the PCSK9 protein undergoes autocatalytic cleavage (between the prodomain and catalytic domain), which is essential for its transport and secretion ( Figure 3) . 14, 38 Circulating PCSK9 binds to LDL-R on the hepatocyte cell membrane. This redirects LDL-R from its normal pathway of recycling to the cell surface and instead directs LDL-R to lysosomal degradation. Thus, circulating PCSK9 reduces the number of hepatic surface LDL-Rs and increases plasma levels of LDL-C. Proteolysis or target-and non-target-mediated pathways ultimately terminate the activity of the PCSK9 protein. 12, 26, 38 Regulation of PCSK9 Expression PCSK9 expression appears to be regulated by nutritional and hormonal status. Studies in vitro and in animals have shown that factors associated with the up-regulation of PCSK9 include overexpression of SREBP-2, cholesterol depletion, inflammation, insulin, and statin therapy.
14 Notably, LMTs such as statins, fibrates, and ezetimibe increase levels of PCSK9. Decreased intracellular production of cholesterol by inhibition of HMG-CoA reductase up-regulates the expression of PCSK9 and LDL-R, which may be 1 explanation for the increased levels of PCSK9 in response to statin therapy. 38 This may explain the relatively small incremental reduction (6%) in LDL-C with each doubling of the statin dose. 41 Conversely, suppression of SREBP-2, cholesterol feeding, berberine, glucagon, ethinylestradiol, chenodeoxycholic acid, and farnesoid X receptor agonists are all implicated in the downregulation of PCSK9.
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PCSK9 Inhibitors
The discovery of the role of PCSK9 in lipid metabolism has directed attention to the development of pharmacologic interventions to decrease PCSK9 levels or to inhibit PCSK9 by targeting either protein synthesis or binding to LDL-R ( Table 1 ). The strategies that target the binding include (1) monoclonal antibodies (mAbs) or other novel proteins that bind to PCSK9 in the plasma, thereby preventing it from binding to LDL-R, (2) modified binding proteins such as adnectins, and (3) small-molecule inhibitors. Notably, development of a small-molecule inhibitor of PCSK9 that binds to LDL-R might be challenging because of the relatively flat surface of PCSK9, which is devoid of the pockets necessary for small-molecule binding. 42 In addition, gene silencing of intracellular PCSK9 production by RNA interference disrupts the protein's synthesis. 39 The development of mAbs has advanced tremendously in recent years. In 2015, alirocumab (Praluent, Sanofi-Aventis US LLC, Bridgewater, New Jersey, and Regeneron Pharmaceuticals, Inc, Tarrytown, New York) and evolocumab (Repatha, Amgen, Inc, Thousand Oaks, California) were approved in the United States and in the European Union. Research on gene silencing approaches is currently being conducted in early clinical trials. 38 In the United States, alirocumab and evolocumab are indicated as adjuncts to diet and maximally 26 (A) PCSK9 is synthesized in the hepatocyte and secreted into the plasma. On binding LDL-R, PCSK9 in complex with LDL-R is internalized through endocytosis and degraded in a lysosome. (B) When PCSK9 synthesis or binding is inhibited using interference RNA or a monoclonal antibody, respectively, LDL-C bound by LDL-R is internalized, but LDL-R returns to the hepatocyte surface where it can bind another circulating LDL particle. LDL, low-density lipoprotein; LDL-C, LDL cholesterol; LDL-R, LDL receptor; mAb, monoclonal antibody; PCSK9, proprotein convertase subtilisin/kexin type 9; siRNA, small interfering RNA; SREBP, sterol-responsive element binding protein 2. Reproduced with permission. 26 C 2012 The American Society for Biochemistry and Molecular Biology. tolerated statin therapy for the treatment of adults with HeFH or clinical ASCVD who require additional lowering of LDL-C. 43, 44 Additionally, evolocumab is indicated as an adjunct to diet and other LDL-lowering therapies (eg, statins, ezetimibe, LDL apheresis) for the treatment of patients with HoFH who require additional lowering of LDL-C. 44 Monoclonal Antibodies: The Science The technology for the development of fully murine mAbs evolved during the 1970s and early 1980s and was based on fusion of immortal mouse myeloma cells and splenic cells from animals with stimulated immune systems. 45, 46 Experience with early hybridoma technology revealed several factors that undermined Figure 3 . Protein domains of human PCSK9 include a signal sequence (amino acids 1-30), prodomain (amino acids 31-152), and catalytic domain (amino acids 153-452), followed by a cysteine-and histidine-rich C-terminal region. 14,38 PCSK9, proprotein convertase subtilisin/kexin type 9; Pro, prodomain; SP, signal peptide. Reproduced with permission of Springer. 37 the efficacy of long-term, repeated administration of mAbs, including host immune response, pharmacokinetic limitations of mouse antibodies in humans, 45 and safety issues. 46 Importantly, when patients are treated with a mouse mAb, they can develop human antimouse antibodies that result in rapid mAb clearance, hypersensitivity, suboptimal penetration of the target site, and diminished efficacy due to cytotoxic effects. 47 Efforts to overcome these barriers included the development of chimeric antibodies that contained mouse sequences in the variable region of the antibody and human sequences in the remainder of the antibody as a method of reducing the risk for immunogenicity in humans. 45, 46 Recombinant DNA strategies allowed the development of more humanized antibodies that were less immunogenic, including chimeric and fully human antibodies ( Figure 4) . 45, 47, 48 Three functions allow mAbs to achieve their effects, including direct and indirect mechanisms. Direct effects are achieved when the antibody binds to a specific target such as cell-surface receptors, membrane-bound proteins, growth factors, or circulating proteins. Binding directly to the FAB domain (the antigen-binding site) allows the mAb to promote or suppress a biological effect. 45, 47 Alternatively, some mAbs work indirectly through an interaction with the Fc domain (constant domain) of the antibody. This causes cell-surface receptors to produce immune-mediated effector functions such as antibody-dependent, cell-mediated cytotoxicity, complement-dependent cytotoxicity, or antibodydependent phagocytosis. An alternate indirect effect of mAbs involves delivery of the complement on multimeric immune complexes between the mAb and the target cell. This activates complement-dependent cytotoxicity and results in cell death. 45, 47 Specifically, the indirect effects of the antibody can be achieved through conjugation of mAbs with linkers such as drugs, toxins, radioisotopes, or cytokines, which results in targeted delivery of therapeutic or diagnostic agents. 45 Both alirocumab and evolocumab are examples of antibodies with a direct mechanism of action: they target PCSK9 but not immune effectors.
Initially, mAbs were administered intravenously to ensure 100% bioavailability, accelerate systemic delivery, and ensure high final plasma concentrations. 45, 47 Subcutaneous (SC) and intramuscular routes are now used, and, although associated with lower bioavailability (typically 20% to 60% for SC administration 49 ), they offer the advantages of reduced cost, greater Fully mouse antibodies developed with early hybridoma technology were highly immunogenic. Development of recombinant DNA technologies resulted in more humanized and less immunogenic antibodies: chimeric, humanized, and fully human. 45, 46, 48 convenience to patients, who do not need to receive the infusion at special infusion centers, and lower risk for infusion reactions. 45 Treatment with mAbs offers several advantages over other pharmacologic interventions (ie, small drug molecules), including a reduced risk for drug-drug interactions because mAbs are not metabolized by the liver and kidneys and do not interact with cytochrome P450 and other transport proteins. 45, 47 Monoclonal antibodies have high specificity for target antigens, can achieve high potency with less frequent dosing, and do not penetrate the central nervous system because of their size. 45 Furthermore, mAbs are unlikely to block potassium channels, prolong the QT interval, and cause cardiac repolarization changes.
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Overview of PCSK9-Specific Monoclonal Antibody Clinical Trials Identification of PCSK9 as a potential therapeutic target for the treatment of hypercholesterolemia has generated an extensive body of research to develop interventions to inhibit or reduce levels of PCSK9. Of particular interest are ongoing clinical research programs to evaluate the efficacy and safety of PCSK9-specific mAbs, including alirocumab, evolocumab, and bococizumab ( Figures 5-7 , Tables 2 and 3) . Alirocumab at varying doses (range 50 to 300 mg) combined with a statin, with or without ezetimibe, for the treatment of patients with primary hypercholesterolemia 58, 65 or HeFH 67,68 was evaluated in phase 2 clinical trials ( Figure 5 , Table 2 ). The ODYSSEY program was established to further evaluate the efficacy, safety, and tolerability of alirocumab for the treatment of individuals with hypercholesterolemia, those at high risk for CV events, those with statin intolerance, those with HeFH, and those with diabetes. Since the inception of the program, 17 phase 3 trials enrolling more than 24,000 patients have been completed or are under way ( Figure 5 , Table 2 ). Results from these trials to date reveal favorable efficacy and safety of alirocumab compared with standard therapies or placebo. 52, 54, 59, 64, 66, 73, 74, 76, 77 A phase 4 trial, ODYSSEY DM-Dyslipidemia, will evaluate the efficacy of alirocumab in the reduction of non-HDL-C in patients with type 2 diabetes and mixed dyslipidemia. 78 The FDA-approved dose of alirocumab is 75 to 150 mg SC every 2 weeks (Q2W). 43 The Program to Reduce LDL-C and CV Outcomes Following Inhibition of PCSK9 in Different Populations (PROFICIO) is a multistudy clinical trial program evaluating the efficacy and safety of evolocumab (Figure 6) . The research program includes 22 studies, 16 of which are phase 3 trials, and a projected enrollment of approximately 30,000 patients. Results from phase 2 and phase 3 studies demonstrate significant reductions in LDL-C levels and a positive impact on secondary lipid parameters [eg, non-HDL-C, apo B, and Lp(a)] with a favorable safety profile. [55] [56] [57] [61] [62] [63] 71, 75 The FDA-approved dose of evolocumab is 140 mg SC Q2W or 420 mg SC once monthly (especially for HoFH). 44 The bococizumab research program includes phase 2 and phase 3 trials (Figure 7) . 72, 79 In the SPIRE program, 3 phase 3 studies, SPIRE-SI, SPIRE-HR, and SPIRE-AI, have recently been completed, and 5 other trials are currently planned or under way to continue efforts to evaluate the efficacy and safety of bococizumab, a humanized antibody for the treatment of hypercholesterolemia and HeFH.
Efficacy of PCSK9-Specific Antibodies in Patient Populations. Heterozygous Familial Hypercholesterolemia. Patients with HeFH were studied in phase 2 and phase 3 trials evaluating the efficacy of alirocumab or evolocumab (Tables 2 and 3 ). Additionally, a total of 300 patients will be enrolled in SPIRE-FH, a phase 3, 52-week, randomized, double-blind, parallel-group study to determine the efficacy and safety of bococizumab in patients with HeFH at 12 weeks.
When alirocumab was administered with a daily statin with or without ezetimibe to patients with HeFH in a phase 2 trial, the LSM decrease in LDL-C from baseline to week 12 ranged from 28.9% to 67.9% and was dependent on the alirocumab dose. 68 In the followup open-label trial, results after 64 weeks of treatment with alirocumab revealed a 59.0% mean reduction in LDL-C from baseline. 67 ODYSSEY FH I, FH II, and HIGH FH enrolled 841 patients with HeFH on a maximally tolerated statin dose, with or without other LMTs ( Figure 5 , Table 2 ). In these 3 studies, the reduction in LDL-C from baseline to week 24, the primary efficacy endpoint, was 45.7% to 48.8%. 52, 54 The RUTHERFORD phase 2 trial evaluated the efficacy and safety of evolocumab in patients with HeFH. 60 The LSM reduction in LDL-C ranged from 42.7% to 55.2% from baseline to week 12. The LSM reduction in LDL-C in the RUTHERFORD-2 phase 3 trial was similar at week 12 and ranged from 55.7% to 61.3%. 62 Interestingly, a phase 1 study of alirocumab demonstrated similar reductions in LDL-C in patients with HeFH and those with nonfamilial hypercholesterolemia. 80 Similarly, PCSK9-specific mAbs led to a comparable reduction of LDL-C in patients with HeFH (28.9% to 67.9%) and in other populations with hypercholesterolemia excluding patients with HoFH (33.3% to 73.2%; Table 2 and discussed below).
High CVD Risk. Evaluation of the efficacy of alirocumab in patients at high risk for CVD (established CVD or CHD risk equivalents and hypercholesterolemia) who received a maximally tolerated statin dose (ODYSSEY COMBO I phase 3 trial) demonstrated that the LSM reduction in LDL-C was 48.2% for patients treated with alirocumab. 74 The 104-week ODYSSEY COMBO II study produced similar results, with an LDL-C reduction of 50.6% after treatment with alirocumab. 73 Alirocumab was also shown to maintain consistent LDL-C reductions over 52 weeks. The ongoing ODYSSEY CHOICE I study included patients with inadequately controlled hypercholesterolemia, moderate (Systematic Coronary Risk Evaluation [SCORE] 10-year risk of fatal CVD ࣙ1% and <5%) to very high CV risk (high CV risk: no CHD/CVD with SCORE ࣙ5%, chronic kidney disease, diabetes, or HeFH; very high CV risk: documented CHD/CVD), or musclerelated statin intolerance. 81 Treatment with alirocumab led to 58.7% and 52.4% LSM reductions in LDL-C level compared with placebo at week 24 among patients receiving a background statin therapy and no statins, respectively.
In the recently completed SPIRE-HR trial, patients (N = 600) with hypercholesterolemia or mixed dyslipidemia who are at increased risk for CV events were randomized to bococizumab and a statin or placebo plus statin to assess the percentage change from baseline in LDL-C levels at week 12. 78 Approximately 690 patients will be recruited to SPIRE-LL, a 52-week, double-blind, parallel-group study to assess the efficacy, safety, and tolerability of bococizumab in patients with primary hypercholesterolemia or mixed dyslipidemia who are at high or very high risk for a CV event. SPIRE-LDL (N 1932) will assess the efficacy, safety, and tolerability of bococizumab vs placebo in patients who are also treated with a statin and who have a fasting LDL-C level >70 mg/dL, triglycerides ࣘ400 mg/dL, and high or very high risk for a CV event. The primary endpoint will be percentage change from baseline in LDL-C at week 12 in each of these trials.
Additional Patient Populations.
Statin Intolerance. The ability of PCSK9-specific antibodies to lower LDL-C in patients intolerant to statins was assessed in the ODYSSEY ALTERNATIVE and in 2 trials in the PROFICIO program, GAUSS and GAUSS-2. Additionally, more than 500 patients will participate in the GAUSS-3 trial of evolocumab and 150 in the SPIRE-SI study of bococizumab.
ODYSSEY ALTERNATIVE compared alirocumab with ezetimibe in patients with a history of muscle symptoms related to at least 2 previous statins. 59 This was the only study design to include a placebo runin period and a statin rechallenge to confirm statin intolerance. The run-in period was completed by 87.0% of patients, with 15.9% of patients receiving alirocumab discontinuing due to skeletal muscle-related symptoms. Alirocumab treatment led to a 45.0% reduction in LDL-C level from baseline to week 24.
The GAUSS phase 2 randomized, double-blind, placebo-and ezetimibe-controlled trial evaluated the effect of evolocumab on LDL-C in patients intolerant to at least 1 statin. 71 Treatment with evolocumab resulted in dose-dependent reductions in LDL-C, with the LSM reduction from baseline at week 12 ranging from 40.8% to 63.0%, depending on the background therapy. Of 160 randomized patients, 5 (including 3 receiving evolocumab) discontinued the study because of muscle-related symptoms.
The 12-week, double-blind, phase 3 GAUSS-2 trial evaluated evolocumab compared with ezetimibe in patients with hypercholesterolemia who are unable to tolerate effective statin doses. 70 The percentage of patients who discontinued participation in the study because of muscle-related symptoms was similar among patients receiving evolocumab (5%) and ezetimibe (6%). Evolocumab achieved LDL-C reduction from baseline to week 12 of 52.6% to 56.1%. Subtherapeutic Response to Statins. Patients not able to reach an LDL-C goal despite taking commonly used statin doses participated in the ODYSSEY OPTIONS I and II trials. The trials compared the efficacy and safety of alirocumab in addition to atorvastatin (OPTIONS I) or rosuvastatin (OPTIONS II) with double-dose statin therapy (ie, atorvastatin 40 mg/day doubled to 80 mg/day in OPTIONS I, and rosuvastatin 10 mg/day doubled to 20 mg/day or rosuvastatin 20 mg/day doubled to 40 mg/day in OPTIONS II), a switch to a higher-intensity statin, or the addition of ezetimibe. 76, 77 Eligible patients had a history of CVD and LDL-C ࣙ70 mg/dL or risk factors for CVD and LDL-C ࣙ100 mg/dL. The intent-to-treat analysis in OPTIONS I evaluated the percentage change in LDL-C levels at week 24, with alirocumab plus atorvastatin associated with a 44.1% to 54.0% LSM decrease in LDL-C, depending on the background statin and the comparator. 76 Results for OPTIONS II revealed an LSM decrease in LDL-C of 50.6% to 36.3% for alirocumab plus rosuvastatin, depending on the rosuvastatin dose (10 mg or 20 mg). 77 Homozygous Familial Hypercholesterolemia. The TESLA open-label and TESLA Part B randomized, double-blind, placebo-controlled phase 2 and phase 3 trials, respectively, evaluated the efficacy and safety of evolocumab for the treatment of patients with HoFH. Evaluation of the primary endpoint of percentage change in LDL-C from baseline to week 12 in TESLA Part B revealed an LSM decrease in LDL-C of 23.1% in patients in the evolocumab arm. In contrast to HeFH, where the type of LDL-R gene mutation does not affect the patient's response to treatment with PCSK9 inhibitors, with HoFH the treatment efficacy is dependent on the residual LDL-R activity classified as receptor-negative (<2% residual activity) or receptor-defective (2% to 25% residual activity). 82 Nonfamilial Hypercholesterolemia. In a 12-week phase 2 trial of patients with hypercholesterolemia, alirocumab plus atorvastatin achieved significant reductions in LDL-C compared with placebo, with the LSM decreases in LDL-C ranging from 39.6% to 72.4%, depending on the alirocumab dose. 58 The LSM percentage reduction in LDL-C following 8 weeks of Q2W treatment with alirocumab plus atorvastatin was 73.2%. 65 Another phase 2 study of alirocumab that enrolled 13 patients with 4 different PCSK9 gene GOF mutations showed a 62.5% LSM reduction from baseline in LDL-C level at week 2. 83 When alirocumab was used as a monotherapy in the phase 3 ODYSSEY MONO trial (n = 103), hypercholesterolemic patients with a 10-year risk for fatal CV events of ࣙ1% and <5% achieved an LSM reduction of LDL-C level of 47.2%. 66 Fourteen of 52 patients treated with alirocumab were uptitrated at week 12 to alirocumab 150 mg Q2W because their LDL-C level was ࣙ70 mg/dL at week 8. In the recently completed ODYSSEY CHOICE II study, patients with hypercholesterolemia who were not receiving statins achieved a 56.4% LSM reduction in LDL-C level from baseline at week 24 compared with patients in the placebo group. 81 The MENDEL and MENDEL-2 studies evaluated the efficacy and safety of evolocumab used as a monotherapy in patients with hypercholesterolemia (Table 2 ). In DESCARTES, LAPLACE-TIMI 57, and LAPLACE-2, evolocumab was used in combination with statin therapy in patients with hypercholesterolemia or mixed dyslipidemia. 63, 84, 85 OSLER-1 and OSLER-2 were open-label studies that enrolled patients with hypercholesterolemia, high CV risk, statin intolerance, or HeFH who participated in 1 of 12 phase 2 or phase 3 studies of evolocumab. 55, 75 The regimen in the OSLER studies involved treatment with evolocumab combined with standard of care (SOC) therapy. The MENDEL-2 phase 3 trial compared biweekly evolocumab 140 mg and monthly evolocumab 420 mg with ezetimibe or placebo in patients with hypercholesterolemia. 56 At the 12-week evaluation, the mean decrease in LDL-C levels was 57.0% for biweekly evolocumab and 56.1% for monthly evolocumab.
In DESCARTES, a phase 3 trial, patients with hypercholesterolemia received evolocumab for 52 weeks after a run-in period of 4 to 12 weeks of background LMT. 84 In the analysis, the LSM reduction in LDL-C in the evolocumab patients at 52 weeks was 46.7% to 54.7%, depending on the background therapy.
Recently, results of a pooled analysis focusing on elderly patients who received evolocumab and enrolled in phase 2 and phase 3 trials and their open-label extension studies became available. 86 Patients ࣙ65 years receiving evolocumab achieved an LDL-C reduction of 58.4% to 62.9% at the mean of weeks 10 and 12, and the LDL-C level in patients ࣙ75 years was reduced by 59.9% to 68.6%.
Additionally, Navarese and colleagues analyzed 24 phase 2 and phase 3 RCTs (N = 10,159) comparing treatment using PCSK9-specific mAbs with treatment with no PCSK9 antibody in adults with hypercholesterolemia. 87 The meta-analysis showed a mean reduction of 47.5% (95%CI 25.35 to 69.64; P < .001) in LDL-C level in patients receiving PCSK9-specific antibodies compared with those in the control group.
Finally, a 24-week, phase 2, randomized, doubleblind, placebo-controlled trial investigated the efficacy and safety of bococizumab in 354 patients with hypercholesterolemia on stable statin therapy. 72 Patients receiving bococizumab had a significant reduction in LDL-C from baseline at week 12 of 19.5% to 52.0% (depending on the dosing regimen).
Studies With Long-Term Follow-Up. Studies with a long-term follow-up evaluating the efficacy, safety, and tolerability of PCSK9 antibodies in clinical development are currently under way. The recently completed ODYSSEY LONG TERM study (N = 2341) was a phase 3 clinical trial with the objective of comparing the safety, tolerability, and efficacy of alirocumab with placebo in patients at high or very high risk for CVD, including those with HeFH, CHD, or risk equivalent and LDL-C ࣙ70 mg/dL while treated with the maximally tolerated dose of statin with or without other LMT. 64 The primary week 24 efficacy evaluation revealed a mean LDL-C decrease from baseline of 61.0% for patients receiving alirocumab. The difference between alirocumab and placebo in the LDL-C level reduction at week 24 was similar in patients with HeFH and non-FH. Additionally, ODYSSEY FH I, FH II, and HIGH FH studies (described in the section Heterozygous Familial Hypercholesterolemia) assessed the long-term (78 weeks) efficacy and safety of alirocumab in patients with HeFH. 52, 54 Two ongoing trials of evolocumab will provide additional information about the long-term safety and efficacy of this agent for diverse patient populations. The GLAGOV phase 3 trial will determine the effects of evolocumab administered Q4W for 78 weeks on atherosclerotic disease burden (percent atheroma volume assessed by intravascular ultrasonography) in patients with CHD, a clinical indication for coronary catheterization, and LDL-C level ࣙ80 mg/dL or in patients with additional CV risk factors and LDL-C ࣙ60 mg/dL and <80 mg/dL. 79 Patients who have HoFH or PCSK9 mutations with an LDL-C that exceeds the US National Cholesterol Program Adult Treatment Panel III target or who are currently undergoing apheresis and who have previously participated in an evolocumab trial will be eligible for participation in TAUSSIG. The TAUSSIG trial will evaluate the longterm efficacy and safety of evolocumab given Q2W or Q4W on LDL-C levels at 5 years. 79 Outcomes Studies. In a post hoc safety analysis evaluating the occurrence of major cardiovascular events (MACE; composite endpoint of CHD death, nonfatal myocardial infarction [MI], fatal and nonfatal ischemic stroke, and unstable angina [UA] requiring hospitalization) in ODYSSEY LONG TERM, the rate of MACE was 48% lower in patients receiving alirocumab than in patients in the placebo group (95%CI 0.31 to 0.90; nominal P = .02). 64 In addition, an open-label extension study will assess the long-term efficacy, safety, and immunogenicity of alirocumab in patients who participated in ODYSSEY FH I, FH II, HIGH FH, and LONG TERM studies. 78 The effect of evolocumab on the rate of CV events was analyzed at 1 year in the open-label extension OSLER-1 and OSLER-2 studies. 75 An exploratory composite safety analysis published recently demonstrated that patients who received evolocumab in addition to SOC therapy had a significantly lower rate of all CV events than those who received SOC therapy alone, with Kaplan-Meier estimates of 0.95% and 2.18%, respectively (hazard ratio 0.47; 95%CI 0.28 to 0.78; P = .003).
In the meta-analysis of 24 RCTs, the difference in CV mortality between patients receiving PCSK9-specific antibodies and those in the control group was not statistically significant (OR 0.50; 95%CI 0.23 to 1.10; P = .084). 87 However, overall mortality was significantly lower with the use of PCSK9-specific antibodies (OR 0.45; 95%CI 0.23 to 0.86; P = .015).
Additionally, randomized controlled outcomes trials are under way for each of the PCSK9 antibodies. The ODYSSEY OUTCOMES trial is under way to evaluate the occurrence of MACE in more than 18,000 patients with an acute coronary syndrome event 1 to 12 months before enrollment and LDL-C ࣙ70 mg/dL who receive alirocumab. 78 The FOURIER phase 3 trial will determine the effect of biweekly or monthly administration of evolocumab with a statin compared with placebo and a statin, with a primary endpoint of MACE defined as CVD death, nonfatal MI, UA requiring hospitalization, stroke, or coronary revascularization. Patients eligible for participation will include those with clinically confirmed CVD, a high risk for a recurrent CV event, and LDL-C ࣙ70 mg/dL or non-HDL-C ࣙ100 mg/dL. Finally, SPIRE-1 and SPIRE-2 will evaluate the ability of bococizumab to reduce the occurrence of MACE, including CV death, MI, stroke, and UA requiring urgent revascularization at 5 years, in high-risk patients who are receiving background LMT.
Inflammation and PCSK9 Inhibitors. Even though hypercholesterolemia is a well-recognized factor contributing to atherosclerosis, chronic low-grade inflammation is involved at all stages of atherosclerotic plaque development. 2, 88 In fact, a number of antiinflammatory therapies have been tested in patients with ASCVD. 89 Recently, Sahebkar and colleagues analyzed 7 studies of alirocumab or evolocumab and showed that PCSK9 inhibitors do not have a significant effect on the level of C-reactive protein (hs-CRP), a commonly used inflammatory marker. 90 However, patients participating in the analyzed studies may have had normal baseline levels of hs-CRP. The effect of PCSK9 inhibitors on atherosclerosis, beyond LDL-C lowering, especially on plaque stability and growth, should be further elucidated.
Safety of PCSK9-Specific Monoclonal Antibodies. Concerns regarding the treatment with PCSK9-specific antibodies are related to the effects of low levels of PCSK9 in the plasma and, consequently, potentially low LDL-C levels, as well as the safety, tolerability, and long-term CV outcomes of the therapy.
Safety of Low Levels of PCSK9 and LDL-C. It has been suggested that PCSK9 inhibition may have a deleterious effect on adrenal function as a result of impaired delivery of lipoprotein cholesterol to the adrenal glands to support adrenal steroidogenesis that is essential for regulation of stress responses, blood pressure, homeostasis of electrolytes, and secondary sexual traits. 91 This concern is of particular relevance when LDL-C is reduced to extremely low levels. Evaluation of a 54-year-old male patient who carried a heterozygous LOF mutation in PCSK9 provided the opportunity to determine the impact of PCSK9 deficiency on adrenal function. He had no detectable plasma PCSK9, an LDL-C level of 24 mg/dL, and an HDL-C of 66 mg/dL. Baseline adrenal function was normal, with normal levels of cortisol, aldosterone, androgens, and plasma adrenocorticotropic hormone. The cortisol response to adrenocorticotropic hormone stimulation was normal, suggesting that genetic deficiencies in PCSK9 were not associated with abnormal adrenal function. Moreover, the safety of PCSK9 inhibition is evident in family members of participants in the Dallas Heart Study who had a single mutation in PCSK9. One family of interest included the proband with an LDL-C level of 49 mg/dL who had a 32-year-old daughter with an LDL-C level of 14 mg/dL. Genetic evaluation of the daughter revealed she had a premature stop codon in the protein transcript inherited from her mother and a second mutation from her father that deleted an arginine at codon 97. These 2 mutations resulted in total deficiency of PCSK9. The daughter was reported to have normal intelligence, motor skills, kidney and liver function, and blood pressure. 92, 93 Safety Summary for PCSK9 Monoclonal Antibodies. According to the meta-analysis by Navarese and colleagues, the use of PCSK9-specific mAbs is associated with no increase in serious adverse events (AEs). 87 To date, phase 2 and phase 3 clinical trials for alirocumab and evolocumab have demonstrated that both agents are well tolerated. Another recent meta-analysis by Lipinski and colleagues indicated that the rate of neurocognitive events in 17 phase 2 and phase 3 trials of alirocumab or evolocumab was significantly elevated in patients treated with a PCSK9-specific mAB compared with placebo (OR 2.34; 95%CI 1.11 to 4.93; P = .02); however, this observation was mostly supported by results of the ODYSSEY LONG TERM and OSLER-2 trials. 94 Phase 2 trials for alirocumab 58, 65, 68 reported that AEs were similar in all treatment groups. Injection site reactions and pruritus were among the most frequently occurring AEs, 58, 68 and 7 of 56 patients developed antibodies to alirocumab at low titer levels. 65 In the phase 3 ODYSSEY ALTERNATIVE trial that included patients with a history of statin intolerance, the rate of skeletal muscle-related treatment-emergent AEs was significantly lower for patients receiving alirocumab than for patients receiving atorvastatin. 59 To assess the safety profile of alirocumab, a pooled analysis of 3752 patients with hypercholesterolemia on stable background statin therapy who participated in 4 phase 2 studies and 5 phase 3 studies of up to 78 weeks in duration was conducted. 95 Adverse events were comparable between the alirocumab and placebo groups with the exception of local injection site reaction, which was reported in 7.2% and 5.1% of patients, respectively. No significant elevation in liver or muscle enzymes was reported. Additionally, the analysis showed that the rate of neurologic or skeletal muscle-related treatmentemergent AEs or neurocognitive disorders was similar for patients receiving alirocumab and those in the placebo group.
A similar analysis, including 14 phase 2 and phase 3 trials, showed that alirocumab was associated with a favorable safety profile when LDL-C was reduced to very low levels. 96 Of 3340 patients receiving alirocumab, 23.8% achieved LDL-C <25 mg/dL on at least 2 consecutive visits, and 8.6% achieved LDL-C <15 mg/dL. No safety signals were observed, and treatment-emergent AEs were generally similar among all patients receiving alirocumab, those achieving very low LDL-C levels, and those in the control group.
A pooled analysis of 12 phase 2 and phase 3 studies and 2 extension studies continuing the parent studies 97 demonstrated that evolocumab has a safety profile similar to that of the control. The rates of AEs and serious AEs (including myalgia) were comparable between the evolocumab and control arms in the parent studies and year 1 of the extension studies. Nasopharyngitis was the most common AE documented in the parent studies and was reported by 5.9% of patients who received evolocumab and by 4.8% of control patients. Injection site reactions were reported by 3.3% of patients receiving evolocumab and 3.0% of patients in the control group in the parent studies and by 4.1% in the extension studies. No PCSK9 neutralizing antibodies were detected. Increases in creatine kinase and liver enzyme levels were infrequent and occurred with similar rates in patients receiving evolocumab and in those in the control group.
A similar safety profile, comparable for the tested PCSK9 antibody and placebo, was demonstrated for bococizumab, with nasopharyngitis and upper respiratory tract infections as the most frequently reported AEs. 72 Long-term studies are necessary to verify whether prolonged treatment with fully human PCSK9 antibodies could lead to the development of immune responses. 79 Data on the long-term effects of anti-PCSK9 antibodies on the major CVD endpoints and any significant safety signals in the hepatic, gastrointestinal, or musculoskeletal systems are expected to be available by 2017.
Summary and Conclusions
Despite evidence-based recommendations for the management of hypercholesterolemia, treatment gaps persist. In addition, current treatment options are not uniformly effective and/or tolerable for all patients, including those at high risk for ASCVD and individuals with HeFH and HoFH. PCSK9 inhibition represents an important advance in the clinical management of hypercholesterolemia, especially for patients who have a subtherapeutic response to a maximally tolerated statin dose or who are intolerant to current pharmacologic interventions. Emerging research on PCSK9 mAbs suggests that these agents offer an effective treatment with a good safety profile for individuals with contraindications to statins, those who are statin intolerant, and those who fail to reach non-HDL-C and LDL-C goals as commonly seen in patients with higher baseline cholesterol levels, such as individuals with HeFH and HoFH.
